Abstract: Multiport DC-DC converters have been most commonly used in stand-alone renewable power systems to provide smooth and constant power to the loads. To supply the load without any interruption under various disturbances, the centralised controller in various typologies of multiport converter has been implemented only by using conventional proportional integral (PI) controller. This study presents the output voltage control of the three-port full-bridge converter interfacing photovoltaic (PV) system with three different controllers. The dynamic response of the proposed converter is analysed with the PI controller, fuzzy logic controller (FLC), and the sliding mode controller (SMC). The state space model of the three-port full-bridge converter is developed to analyse the performance using SMC. PI, FLC, and SMC-based control scheme is developed using the MATLAB/Simulink environment. The response of the PI, FLC, and SMC are analysed for line regulation, load voltage regulation, and for the converter parameter variation. The simulation results illustrate that the SMC gives a better steady state and dynamic response when compared with the PI and FLC. The results are presented to confirm the proposed control schemes.
Introduction
As the renewable energy sources and the load being irregular, an energy storage device is used in a stand-alone PV system to supply the load without any interruption. When two individual converters are used in the conventional PV system with battery, the control circuit becomes complex and difficult to design. Multiport converters overcome this drawback by using centralised controller. It also provides more economic compact structure. Thus multiport converters are widely used in many applications like remote communication system, electric vehicles, traffic lights, satellite communication, and so on.
Different topologies like fully isolated topology, partially isolated topology, and non-isolated topology are used to obtain the multiport converters (Kwaskinski, 2009; Khaligh et al., 2009; Zeng et al., 2014; Matsuo et al., 2004) . Each of these topologies offers its own benefits and drawbacks. Among these three topologies the fully isolated topology is promising from the view point of increased efficiency due to soft switching characteristics, flexible voltage levels, and galvanic isolation between the ports. The fully isolated topology is realised by full-bridge or half-bridge or series resonant topology connected by means of magnetic coupling. This study proposes an integrated three-port full-bridge converter to interface PV system, energy storage device, and the load (Rezaee and Farjah, 2014; Anno and Koizumi, 2015; Hu et al., 2015) . The output power, which is controlled by means of voltage mode control in the multiport converter, is quite deterministic due to the nonlinear characteristics and complex feedback loops. Only centralised conventional PI controller is introduced to maintain power balance in the multiport converter (Hariharan Krishnaswami and Mohan, 2009 ). The interest shown by the researchers towards designing advanced controllers for the multiport converter is less due to the integration issue between several power ports (Nejabatkhah et al., 2012; Wang et al., 2012) . The working and the operating principle of the isolated three-port full-bridge DC-DC converter have been analysed in several studies (Wu et al., 2014) . But still there arise some challenges regarding the dynamic behaviour of the proposed system under wide variations in the input voltage, load current, and also in the parameter variation. The literature does not deal with the enhancement of the dynamic response of proposed converter using FLC and SMC.
This study proposes FLC and SMC to improve the dynamic response of the three-port full-bridge converters and suggests a robust controller for wide variations in the input voltage and the load current. The performance parameter of the closed loop response of the conventional PI controller is also compared with FLC and SMC. The state space model of the three-port full-bridge converter is also derived to implement SMC. The steady state and the dynamic response of the three-port full-bridge converter have been improved using the SMC controller when compared with the PI and FLC. The proposed study is organised as follows: in Section 2, the design of three-port full-bridge DC-DC converter is presented in detail. Section 3 describes the control structure for the three-port full-bridge converter using different types of controllers. Section 4 discusses the simulated results obtained using MATLAB/Simulink environment and followed by overall summary in Section 5.
Related work
Many different topologies of multiport DC-DC converter have been derived in last few years interfacing various renewable energy sources for stand-alone applications. The multiport converter also utilises the concept of cell-voltage equaliser in case of isolated topology (Hu et al., 2015) . A systematic method has been proposed for the derivation of non-isolated multiport converter based on DC-link inductor and eliminated bulky DC-link capacitor. Therefore, MPC is generated by interconnecting multiple pulsating voltage cells (PVCs) through the DLIs . With this approach step up and step down voltage conversion between any two ports can be implemented. But, the main drawback of using this topology is being characterised by hard switching condition (Itoh et al., 2015; Kim and Choi, 2015) . In order to overcome this, soft-switched DC-DC converter with single switch has been proposed. Centralised PI controller has been implemented for simultaneous power management between the input and the output ports (Phattanasak et al., 2015; .
Design of three-port full-bridge DC-DC converter
The schematic diagram of a three-port full-bridge converter is shown in Figure 1 . It consists of two input ports of which one is fed by the PV system and the other is connected to the battery which acts as the bi-directional port. Both the input ports are constructed by using full-bridge power converter with four switches (Q 1 to Q 4 ) and (Q 5 to Q 8 ). The input ports being connected to the output port (load port) made of full-bridge rectifier with LC filter via high frequency isolation transformer. The switching loss in the converter is reduced by using high frequency isolation transformer and it also provides isolation between the input ports and the output port.
The three-port full-bridge converter operates in such a way that the diagonally opposite switches (Q 1 and Q 2 or Q 3 and Q 4 ) are turned on and off simultaneously in a portion of each half cycle of switching frequency (Ghadimi et al., 2007) . Similarly, diagonally opposite switches (Q 5 and Q 6 or Q 7 and Q 8 ) in the storage port are turned on and off simultaneously in a portion of each half cycle of switching time interval D (duty cycle) as shown in Figure 2 . When all the eight switches are turned off, the load current freewheels through the rectifier diodes for the time interval (1 -2D). The exact pulse is generated to drive the switching devices. The output filter is also designed according to the standards specified by the IEEE-519, for the current ripple of 5% in the load current, such that the converter operates in the continuous conduction mode (CCM). The design specifications of the three-port full-bridge converter are given in Table 1 . (Qian et al., 2010) . IVR loop is used to control the PV system voltage to its reference value. In this work, perturb and observe (P&O) algorithm is used as the maximum power point tracking (MPPT) technique to specify reference value. The necessary control loop for the battery port is not implemented. Figure 3 shows the simple centralised control structure implemented for the proposed converter (Wu et al., 2012) . The dynamic response of the different controller has been analysed for the DC-DC converter (Raviraj and Sen, 1997; Azar and Vaidyanathan, 2015a; Zhu and Azar, 2015) . Several control methods like PI, FLC and SMC have been implemented for the DC-DC converters to regulate the output current and the line voltage. But, the OVR of the proposed three-port full-bridge converter have been analysed only by the conventional PI controller. In addition to the implementation of conventional PI controller, this paper deals with the design and the implementation of controllers like FLC and SMC. From each controller, the resultant of control action is applied to drive the switches via pulse width modulation (PWM) along with the phase shift modulation (PSM).
Design of proportional integral controller
One of the most commonly used controllers in many industrial applications is the conventional PI controller (Basilio and Matos, 2002; Azar and Serrano, 2014) . Figure 4 shows the schematic diagram of the PI controller with the control signal. 
where K p and K i are the gains of the PI controller whose initial values are designed under the given operating point using small signal model. The approximate values of K p and K i are determined by using Ziegler-Nichols tuning method. The output voltage is regulated with the maximum overshoot and steady state error. The limitations arise as the controller depends on the accuracy of the mathematical model of the system.
Design of fuzzy logic controller
FLC overcomes the drawback of the PI controller. Fuzzy logic control gives solution for the nonlinear system by means of mathematical principles interprets the experts' intelligence. It actually represents the system fuzziness, and determines the vagueness. It analyses the system, as the human being think and gives solution to the problem. It is the replica of the human thinking, i.e., it tries to model the human sense of words, make decision for the problem how the people make using presence of mind and the common sense. Hence, it leads to the novel and systematic approach of humanistic intelligent system. It controls the system using simple if-then rules such that the input variable lies within the membership values (Takagi and Sugeno, 1985; Arulselvi and Uma, 2014; Mattavelli et al., 1997; Sahin and Okumus, 2014) . FLC is simulated by using the fuzzy toolbox provided in the MATLAB. The fuzzy inference engine can be generated depending upon the system requirement. FLC contains different units where it receives the crisp inputs variables and converts it into the fuzzy output by using the degree of membership. The accuracy of the degree of membership depends on the maximum number of rules used. The membership function used in the input variable and the output variable can be varied from the membership value or degree of membership of 0 to 1. A membership function can be of any shape to define the each point of intersection to the membership value. The membership function can be randomly chosen with the view point of simplicity, convenience, speed, and efficiency (Azar and Vaidyanathan, 2015b; Mengi and Altas, 2012) .
The design of FLC is simple and it also provides good adaptability to load variations. The schematic diagram of the FLC is shown in Figure 5 . The rules are framed by observing the nature of the error (e) and the change in error (de / dt) of the three-port converter. The five triangular membership functions are used for the input and the output variables of FLC and they are given as negative big (NB), negative small (NS), zero (ZE), positive small (PS), and positive big (PB). The fuzzy controls rules are formatted with the basic control knowledge. The rule base with five membership functions is used to analyse the performance of the converter. The rules base framed for the regulation of the output voltage is given in Table 2 . 
Development of state space model for three-port full-bridge converter for the design of SMC
SMC is a variable structure controller and it is well known for its robustness and stability. Chattering phenomenon occurs when the ideal SMC operates at infinite varying switching frequencies. To overcome these limitations several methods were proposed to limit the switching frequency of SMC (Tan et al., 2008; Oucheriah and Guo, 2013; Azar and Zhu, 2015) . The sliding mode controller is implemented by developing the state space model. In this work, the state space average model for the three-port full-bridge DC-DC converter is developed based on the assumptions that the power devices and the diodes have the internal resistance of R 1 and R 2 respectively, and the converter operates in the CCM. For the sake of simplicity, only two state variables like inductor current (X 1 ) and the capacitor voltage (X 2 ) are chosen to obtain the state space analysis. The operation of the three-port converter consists of two modes of operation like mode 1 and mode 2.
In mode 1, the four switches (Q 1 , Q 2 , Q 5 , and Q 6 ) are in ON state delivering energy to the load via transformer and two diodes. The equivalent circuit diagram for this mode is given in Figure 6 . The state space equations and its matrix equations during the interval D have been obtained using Kirchhoff's laws.
( ) 
In mode 2, the energy is delivered to the load via transformer and four diodes of the bridge rectifier, as the switches involved in the circuit are assumed to be in the OFF state. The equivalent circuit diagram for this mode is given in Figure 7 . 
Similarly, the state equation for the interval (1 -2D) is obtained by considering the next half cycle to be symmetrical to the first half cycle.
Applying perturbation the linearised equivalent circuit is obtained as shown in Figure 8 . From the derived state space analysis, state space average model is obtained to design the sliding mode controller. The schematic diagram of the SMC controller is shown in Figure 9 . The voltage error X 1 and the rate of change of voltage error X 2 under CCM can be expressed as,
where M is given as ( ) 
where βV o = sensed output voltages. The switching state of the power switch is defined as u = 1 or u = 0 and the corresponding sliding function and the existence condition is given by Using the existence condition the ramp signal and the control signal are obtained and are given by ( ) K 1 and K 2 are the current gain and the voltage gain. Table 3 gives the parameter values of the different controllers. 
Results and discussion
The mathematical model of the PV array was developed by the simple single diode using the equations given in Villalva et al. (2009) and Esram and Chapman (2007) . The required PV array size of 3 × 1 was modelled using the PV panel specifications of P max = 37.08 W, I max = 2.25 A, and V max = 16.54 V at G = 1,000 W/m 2 and T = 25°C. The simulated P-V and I-V characteristics for the corresponding PV array are shown in Figure 10 . The performance of the three-port full-bridge converter was analysed by interfacing PV system with the three controllers like PI, FLC, and SMC. The digital simulations were carried out in MATLAB/Simulink tool. The three-port full-bridge DC-DC converter was simulated using the parameters given in Table 1 and the Simulink model of the three-port converter with SMC to control the output voltage is shown in Appendix. The effectiveness of the different controllers was examined to obtain desired output voltage under line regulation and load regulation. The steady state and the dynamic parameters were compared using different controllers. The centralised controller is used to achieve power balance under line regulation and load regulation to obtain desired output voltage in the load port, such that it is capable of obtaining maximum power under different insolations.
The desired output voltage was chosen to be 100 V. The system performance was validated subject to the three constraints like line variation, load variation, and the component parameter variations. Figure 11 shows the voltage obtained at the output port with the three controllers when the input in the port 1 is given a step change from 50 V to 60 V at 0.05 s. Hence, under line regulation the desired output voltage is obtained. Figure 12 shows the response of the converter with the PI, FLC, and the SMC when the input in the port 1 is given a transition at 0.05 s from 50 V to 40 V. The limits of each controller were found by varying the input voltage. It was found to be about 15 V ≤ V i ≤ 200 V for SMC, whereas it was about 20 V ≤ V i ≤ 150 V for PI and 40 V ≤ V i ≤ 62 V for FLC. The performance parameter comparison for the obtained output voltage using three different controllers is shown in Figure 13 and the corresponding results are computed as given in Table 4 . Using SMC, the settling time is improved by 86.66% when compared with PI and 60% when compared with FLC. Also, the steady error is improved by 44.5% and 75.2% when compared with PI and FLC. Integral square error (ISE) for the three controllers is also computed by using equation (24). The ISE is formulated as, From Table 4 , it is inferred that the maximum overshoot is very much less using FLC, but the settling time, rise time, and the steady state error is less in SMC when compared with the two other controllers. Owing to the fast response, overshoot is high in SMC. It is also found that the ISE for SMC is very close to the data implying goodness of fit when compared with the other two controllers. The waveforms shown in Figure 14 and Figure 15 depict the instantaneous output voltage and the inductor current under steady state condition. The output voltage ripple is less of about 7 mV with SMC, whereas it is 10 mV with the PI and FLC. The peak to peak instantaneous inductor current is also less of about 0.15 A with the SMC, whereas it is 0.18 A using PI and FLC. Moreover, the current drawn from the source is high using PI controller when compared with the other two controllers. The output voltage waveforms obtained from Figure 16 and Figure 17 depict the response of system with 30% and 20% increase in load. It could be seen that there is a small overshoot using PI controller.
The most promising feature of any system is to analyse the system behaviour under parameter variations. The three-port converter is also analysed with different parameter variations using three different controllers. Figure 18 shows the output voltage waveform for the variation in capacitor value from 115.3 μF to 300 μF. Similarly, Figure 19 shows the output voltage waveform for variation in the inductor value from 10.3 μH to 50 μH and these changes have no severe effect on the converter behaviour.
It is inferred, that the robustness in the dynamic performance of the SMC is more for the wide variation in the system parameter when compared with the PI and FLC. The output response of the three controllers for different system parameters values is given in Table 5 . The waveform obtained under constant load condition using three different controllers is shown in Figure 20 . From this, it is inferred that the settling time for the SMC is less when compared with the other two controllers under constant loaded condition. 
Conclusions
FLC and SMC-based output voltage control of the three-port full-bridge DC-DC converter was compared by interfacing PV system. The state space average modelling of the three-port full-bridge converter system was done to study the operation under different modes. The voltage mode control of the three-port full-bridge converter was analysed with different controllers. The simulation results illustrate that the SMC gives a better steady state and dynamic performance like less steady state error, less settling time, rise time, and the peak time. SMC also holds good for the wide variation in the input voltage and for the load current. The effectiveness of the three controllers was also verified with different parameter variations. The work can be extended along with the voltage and the current control on the battery port side. It can also be extended by interfacing many numbers of ports on the input side with several other renewable energy sources.
